Introduction
T he pursuit of renewable and sustainable chemical resources for energy and chemicals currently derived from crude oil has motivated researchers in exploring the conversion of lignocellulosic biomass into fuels and chemicals [1] [2] [3] [4] [5] [6] . An important component of lignocellulosic biomass is lignin, which can make up to 25% of whole lignocellulosic biomass [7] .
Lignin is a heavily crosslinked biopolymer composed of phenolic units with diverse and complex structural motifs [8, 9] . Due to its high aromatic carbon content, researchers have focused on converting lignin into valuable aromatic chemicals [7] [8] [9] [10] . However, the inherent complexity of lignin often leads to the production of very complex mixtures of molecules with a wide variety of functionalities. The analysis of such mixtures is a challenging task. Yet, chemical characterization of these product mixtures is essential for the optimization of the lignin degradation processes and further conversion of the products into valuable chemicals.
Tandem mass spectrometry has proven to be a powerful tool in the characterization of lignin degradation product mixtures. Negative ion mode electrospray ionization (ESI) with sodium hydroxide dopant has been identified as the best ionization method for degraded lignin as it exclusively forms deprotonated molecules with no fragmentation for lignin model compounds [11] . Other ionization methods, such as positive ion mode ESI or atmospheric pressure chemical ionization (APCI), either cause extensive fragmentation or form multiple ion types for each compound [11] . When used in HPLC/ tandem mass spectrometry experiments, negative ion mode ESI facilitates the analysis of complex lignin degradation product mixtures [12, 13] . Structural information for the ionized molecules can be obtained via multiple stages of ion isolation and collisionally activated dissociation (CAD) experiments [14] . However, isomeric ions can have similar CAD fragmentation patterns, making their differentiation challenging [12] . Therefore, new methods for structural elucidation of isomeric aromatic ions are needed.
Past studies have shown that ion-molecule reactions can be a powerful tool for structural elucidation of ionized analytes [15, 16] . Identification of functional groups can be achieved by using neutral reagents that exhibit specific reactivity towards ions with these functional groups [17] [18] [19] [20] [21] [22] [23] . However, most studies on functional group-specific ion-molecule reactions have focused on protonated analytes. Only in a few cases were deprotonated analytes examined [24] [25] [26] [27] [28] , and to the best of our knowledge, no reagents have been developed for the identification of the phenol functionality. In this study, diethyl methoxyborane (DEMB) is explored as a reagent for the identification of the phenol functionality in deprotonated ligninrelated analytes. DEMB is known to react with negative ions and has been shown to allow differentiation of isobaric ions (deprotonated phosphorus-and sulfocarbohydrates) [25] .
Experimental
Chemicals Diethylmethoxyborane (97%), phenol (99%), 2-ethoxyphenol (98%), 3-methoxyphenol (96%), 4-ethoxyphenol (99%), 2-methoxy-4-propylphenol (99%), isoeugenol (98%), methyl ferulate (99%), catechol (99%), resorcinol (99%), hydroquinone (99%), 2-hydroxybenzyl alcohol (99%), 3-hydroxybenzyl alcohol (99%), benzoic acid (99.5%), terephthalic acid (98%), phthalic acid (99.5%), 3-nitrophenol (99%), 4-nitrophenol (99%), 2-hydroxybenzaldehyde (98%), 3-hydroxybenzaldehyde (99%), 4-hydroxybenzaldehyde (98%), methyl 2-hydroxybenzoate (99%), methyl 3-hydroxybenzoate (99%), methyl 4-hydroxybenzoate (99%), 2-hydroxybenzoic acid (99%), 3-hydroxybenzoic acid (99%), 4-hydroxybenzoic acid (99%), 2-hydroxycinnamic acid (99%), 3-hydroxycinnamic acid (98%), 4-hydroxycinnamic acid (97%), 2-hydroxyphenacetic acid (97%), 3-hydroxy phenacetic acid (99%), 4-hydroxyphenacetic acid (98%), vanillic acid (97%), syringic acid (95%), sinapic acid (98%), 4-methoxybenzoic acid (99%), and 4-hydroxy-3-methylbenzoic acid (97%) were purchased from Sigma Aldrich (MO, USA) and used as received. Vanillin (99%) was purchased from Fisher Scientific (MA, USA) and used as received. Guaiacylglycerol guaiacyl ether (97%) was purchased from TCI America (OR, USA) and used as received. Lignin β-5 dimer was synthesized via a previously reported method [29] . Converted Miscanthus biomass was obtained via a previously published procedure [30] .
Mass Spectrometry
All experiments were performed on a Thermo Scientific (MA, USA) linear quadrupole ion trap (LQIT) mass spectrometer equipped with an electrospray ionization (ESI) source operated in the negative ion mode. Sample solutions were prepared at a concentration of 1 mmol in 50/50 water/methanol (v/v) solution. Ten μL of 1 mM NaOH water solution were added into 5 mL of sample solution to facilitate the formation of deprotonated analyte molecules. The NaOH-doped sample solutions were injected into the ion source at a flow rate of 10 μL/ min. The injected solutions were mixed via a T-connector with 50/50 water/methanol (v/v) at a flow rate of 100 μL/min to maintain stable spray current. Typical ESI conditions were: 3.5 kV spray voltage, 20 (arbitrary unit) sheath gas (N 2 ) flow, 10 (arbitrary unit) auxiliary gas (N 2 ) flow, and 2 (arbitrary unit) sweep gas (N 2 ) flow.
Ion-Molecule Reactions
Ion-molecule reactions between deprotonated analytes and DEMB were studied using an external reagent mixing manifold described previously [18, 31, 32] . DEMB was injected into the manifold by using a syringe drive at a flow rate of 10 μL/min and then diluted with helium at a flow rate of 500 mL/min. The manifold was heated to 70°C for efficient evaporation of DEMB into helium. The DEMB-helium mixture was then directed into a variable leak valve that allowed part of the mixture gas to enter the ion trap at a flow rate of 2 mL/min while the excess was directed into waste. Analyte ions were isolated using an isolation window of 2 m/z and a q value of 0.25. The isolated ions were allowed to react with DEMB for 30-500 ms before being ejected for detection.
High Performance Liquid Chromatography
All HPLC separations were performed on a Surveyor Plus HPLC system consisting of a dcolumn. A nonlinear gradient of water (A) and acetonitrile (B) was used as follows: 0.00 min, 95% A and 5% B; 10.00 min, 95% A and 5% B; 30.00 min, 40% A and 60% B; 35.00 min, 5% A and 95%; 38.00 min, 5% A and 95% B; 38.50 min, 95% A and 5% B; 45.00 min, 95% A and 5% B. The flow rate of the mobile phase was kept at 500 μL/min. PDA detector was set at the wavelength of 254 nm.
HPLC eluents were mixed via a T-connector with 1% sodium hydroxide solution at a flow rate of 0.1 μL/min before entering the ESI source. ESI source conditions were set as: 3.5 kV spray voltage; 50 (arbitrary unit) sheath gas (N 2 ) flow, and 20 (arbitrary unit) auxiliary gas (N 2 ) flow.
Computational Details
All density functional theory (DFT) calculations were performed using the Gaussian 09 software package [33] . Geometry optimizations were performed using the hybrid functional M06-2X [34] with the 6-31+G(d,p) basis set for potential surface calculations. All other geometries were optimized using 6-311++G(2d,p) basis set. Enthalpy values were obtained by calculating vibrational frequencies at the same level of theory at which they were optimized. Natural 2-ethoxyphenol (137) 137+DEMB (237) 3-methoxyphenol (137) 123+DEMB (223) 4-ethoxyphenol (123) 137+DEMB (237) 2-methoxy-4-propylphenol (165) 165+DEMB (265) isoeugenol (163) 163+DEMB (263) methyl ferulate (207) 207+DEMB (307) catechol (109) 109+DEMB-MeOH (177) resorcinol (109) 109+DEMB (209) hydroquinone ( 
Results and Discussion
Multiple model compounds containing phenol, carboxylic acid, and other functionalities (Tables 1, 2 , and 3) were ionized via negative ion mode ESI with NaOH as dopant. These compounds formed exclusively [M -H] -upon ionization. The deprotonated analytes were allowed to react with diethylmethoxyborane (DEMB) in order to explore whether it provides a useful reagent for the identification of the phenol functionality in deprotonated lignin-related analytes. After obtaining promising results on model compounds, the method was used to identify phenols in a catalytically converted biomass sample containing multiple phenolic compounds.
Formation of a DEMB Adduct for Deprotonated Phenols
Upon reactions with DEMB, deprotonated phenol and most deprotonated substituted phenols (Tables 1, 2 , and 3) formed a DEMB adduct ion ([M -H + DEMB] -) that has 100 units greater m/z-value than the analyte ion. The substituents include alkyl, alkenyl, hydroxymethyl, alkoxy, phenol (Table 1) , nitro, aldehyde, carboxylic acid ester (Table 2) , and carboxylic acid ( Table 3 ). The boroncontaining adduct can be easily identified by the characteristic boron isotope distribution (100% 11 B to 20% 10 B). Larger model compounds (i.e., two lignin dimers with β-O- 4 and β-5 linkages) also exclusively produced DEMB adducts (Table 1) . However, deprotonated compounds not containing the phenol functionality, such as deprotonated benzoic acid, showed no reactivity towards DEMB (Table 1) . Based on the above results and the results discussed below, the formation of a DEMB adduct is unique to deprotonated analytes with the phenol functionality. However, not all phenolic compounds form this adduct.
In contrast to the phenolic compounds discussed above, DEMB adduct formation was not observed for deprotonated vanillin ( Table 2 ) that contains a phenol functionality as well as an electron-withdrawing aldehyde functional group. This observation led to further examination of the effects of electron-withdrawing substituents (aldehyde, nitro, and carboxylic acid ester) in the analyte ion on its reactivity toward DEMB (Table 2) . Deprotonated phenols with an electron-withdrawing substituent at the ortho-or para-position were found to exhibit no reactivity towards DEMB, whereas the meta-substituted isomers formed the DEMB adduct ion (Table 2 ). An explanation for this behavior was sought by quantum chemical calculations. Calculations based on density functional theory showed that the NBO electron density on the phenoxide oxygen atom in deprotonated phenols is reduced in the presence of an ortho-or para-positioned electron-withdrawing substituent compared with meta-substituted phenols (Table 2) , making them weaker nucleophiles. For example, the meta-substituted 3-hydroxybenzaldehyde has a NBO charge density of -0.793 on its phenoxide oxygen (formation of a stable DEMB adduct was observed) whereas its isomer, the para-substituted 4-hydroxybenzaldehyde, has a lower NBO charge density of -0.743 (no reactivity toward DEMB was observed). The ortho-substituted 2-hydroxybenzaldehyde has a NBO charge of -0.766 that falls between 3-hydroxy benzylaldehyde and 4-hydroxybenzyaldehyde (a minor DEMB adduct was observed). The above results show that a larger charge density on the phenoxide oxygen correlates with higher reactivity towards DEMB. However, based on calculations, all the phenols form a low-energy covalently bound adduct with DEMB (Table 2). In the gas phase, these adducts are not stable toward dissociation back to reactants unless they are stabilized either by emission of IR light or by collisions with the helium buffer gas. The lower the energy of the adduct, the longer its lifetime, and the more likely it is that it gets stabilized via one of these processes. Indeed, the energy of the covalent DEMB adducts relative to the separated reactants (Table 2 ) was calculated to be greatest (from -29 down to -34 kcal/mol) for those ions that formed an abundant stable adduct as a final product, slightly less for those that formed a minor adduct (-27 kcal/mol) and even less for those that did not form a stable adduct (from -23 down to -26 kcal/mol). This likely explains the selectivity for stable DEMB adduct formation for different deprotonated phenols.
Formation of DEMB Adduct-MeOH
When deprotonated catechol (containing two adjacent phenol functionalities) was allowed to react with DEMB, it did not form a stable DEMB adduct but instead a DEMB adduct that had lost methanol ([M -H + DEMB -MeOH] -) with 68 units greater m/z-value than the analyte ion (Table 1, Figure 1a) . Formation of this type of product ion was not observed for the isomeric resorcinol or hydroquinone, which both formed a stable DEMB adduct instead (Table 1; Figure 1a ). Exclusive formation of DEMB adduct-MeOH was also observed for deprotonated 2-hydroxybenzyl alcohol but not for the isomeric deprotonated 3-hydroxybenzyl alcohol, the hydroxyl and phenol groups of which are further away from each other ( Table 1 ). These observations suggest that an additional phenol or hydroxyl functionality in close proximity to the deprotonated phenol group is critical for the formation of DEMB adductMeOH. The potential energy surface for the proposed mechanism, calculated via density functional theory, is shown in Figure 2 for catechol (CAD mass spectrum of the product ion is shown in Supplementary Table S1, Supporting Information). Formation of DEMB adduct-MeOH was also observed for certain deprotonated phenols with carboxylic acid functionalities. When regioisomers of deprotonated hydroxycinnamic acid, hydroxyphenylacetic acid, and hydroxybenzoic acid were allowed to react with DEMB (Table 3) , DEMB adduct-MeOH was observed for 4-hydroxybenzoic acid, 2-hydroxycinnamic acid, and 4-hydroxycinnamic acid, the phenol and carboxylic acid functionalities of which are conjugated. All other ions either only formed a DEMB adduct or were unreactive. The lack of products for 2-hydroxyphenylacetic acid and 2-hydroxybenzoic acid can be explained by the presence of strong intramolecular hydrogen bonding in their deprotonated forms (Figure 1b) , which reduces their nucleophilicity. For the ions that formed DEMB adduct-MeOH, such as 4-hydroxybenzoic acid, the originally proposed mechanism (Figure 2) is no longer applicable since the distance between the carboxylic acid and phenol functionalities is too great. Therefore, a different mechanism must be involved.
One issue that must be considered here is that hydroxybenzoic acids have two possible deprotonation sites. If the benzoic acid moiety is exclusively deprotonated in some of them, one would expect no reactivity toward DEMB, based on the above results. Literature studies have shown that experimental conditions can influence the site of deprotonation of 4-hydroxybenzoic acid upon ESI [35, 36] . After some controversy on which is the preferred site of deprotonation in different solvent systems, the generally agreed upon conclusion appears to be that the phenoxide anion greatly dominates when using aprotic solvents (such as acetonitrile) while the carboxylate tautomer is also formed when using protic solvents (such as water) [35, 36] . In order to establish whether this applies to the present experiments utilizing ESI and protic solvents, the reactivity of DEMB toward 4-hydroxybenzoic acid deprotonated using different solvents was studied.
The abundances of 4-hydroxybenzoic acid deprotonated using an aprotic (acetonitrile) and protic solvent (water with 0.1% NaOH) and its DEMB adduct-MeOH product were measured as a function of reaction time. Ion-molecule reactions studied under the conditions utilized here follow pseudo-first order kinetics. Hence, a plot of the logarithm of the reactant ion's relative abundance versus reaction time is a straight line with a negative slope equal to the rate constant multiplied by , and deprotonated 4-hydroxy-3-methylbenzoic acid (bottom) after a separate HPLC run followed by ionization, ion isolation and CAD DEMB concentration. With the concentration of DEMB staying constant under the conditions employed here (the concentration of reactant ions is substantially smaller than the concentration of the reagent molecules), the rate constant is proportional to the value of the negative slope, which is larger (0.007 versus 0.005) when the reactant ions were generated using acetonitrile (Figure 3a) . This finding is in agreement with the literature results discussed above that acetonitrile is expected to produce more phenoxide ions, whereas water doped with NaOH should produce more carboxylate anions (about 40% relative to the phenoxide ions) [35] . However, since both ion populations are reactive toward DEMB, phenoxide ions exist in both. Hence, exclusive deprotonation of the carboxylic acid moiety is unlikely. This finding is in agreement with the CAD mass spectra measured for 4-hydroxybenzoic acid deprotonated using the aprotic and protic solvent systems and the potential energy surfaces calculated for these reactions (Supplementary Figures S1 and S2 ). CO 2 loss from the phenoxide ion is calculated to be more energetically favorable than from the carboxylate ion (Supplementary Figure S1) . Indeed, the ions generated from acetonitrile solution fragment more readily by CO 2 loss than the ions generated from water/NaOH solution (Supplementary Figure S2) , suggesting that more phenoxide ions had been formed in the acetonitrile solution.
Based on the findings above, a new mechanism is proposed for the formation of DEMB adduct-MeOH (Figure 3b ) for compounds with conjugated carboxylic acid and phenol functionalities, such as 4-hydroxybenzoic acid. In these deprotonated molecules, the charge on the deprotonated phenol moiety can resonate onto the carboxylic acid oxygen, which enables nucleophilic attack by the carboxylic acid moiety at the boron atom in DEMB. After addition, the carboxylic acid moiety can donate a proton to a methoxy group to eliminate methanol. Potential energy surface calculated for the proposed mechanism shows a low barrier of -0.3 kcal/mol for DEMB adduct-MeOH formation for the reaction between deprotonated 4-hydroxybenzoic acid and DEMB (Figure 3c ; CAD mass spectrum of the product ion is shown in Supplementary Table S1 and proposed fragmentation mechanism in Supplementary Scheme S1).
DEMB Ion-Molecule Reactions Coupled with HPLC
The formation of a DEMB adduct or DEMB adduct-MeOH is fast. At 200 ms reaction time, the relative abundances of DEMB adduct ions with respect to analyte ions are greater than 20% for all model compounds that exhibit reactivity towards DEMB. Thus, this reaction should be compatible with chromatographic time scale. In order to test this hypothesis, an equimolar mixture of three isomers, 4-methoxybenzoic acid, 4-hydroxyphenylacetic acid, and 4-hydroxy-3-methylbenzoic acid, was subjected to HPLC/tandem mass spectrometric analysis (Figure 4a ). The compounds were eluted using a gradient consisting of water and acetonitrile, deprotonated via ESI as they eluted from the column, and allowed to react with DEMB for 200 ms in the ion trap. Typically, about 40 such MS experiments were performed for each HPLC peak. Due to the lack of a phenol functional group, deprotonated 4-methoxybenzoic acid showed no reactivity toward DEMB (Figure 4b ). Deprotonated 4-hydroxy-3-methylbenzoic acid that contains both a phenol functional group and a conjugated carboxylic acid functional group formed DEMB adductMeOH, whereas deprotonated 4-hydroxyphenacetic acid formed DEMB adduct (Figure 4b ). Hence, these three isomers can be differentiated using this approach. It is notable that these isomers cannot be differentiated when using conventional HPLC/MS 2 analysis based on CAD, as all three ionized isomeric compounds undergo the same fragmentations upon CAD (Figure 4c ).
Once coupled with HPLC, the above approach can be used for rapid screening of mixtures for the presence of phenolcontaining compound. This was demonstrated by the analysis of a product mixture obtained by catalytic conversion of Miscanthus biomass ( Figure 5 ). Using the same water/ acetonitrile gradient, HPLC eluates were ionized by negative ion mode ESI and the most abundant ion formed for each eluate was isolated and allowed to react with DEMB for 200 ms in the ion trap. The complexity of the product mixture is demonstrated by the total ion current chromatograph shown in Figure 5a . However, by monitoring ions that produce an ion with 100 units greater m/z value, an extracted ion chromatogram can be obtained that represents compounds with the phenol functionality (Figure 5a ). No DEMB adduct-MeOH product ions were observed, indicating the absence of phenols with adjacent hydroxyl or conjugated carboxylic acid functionalities. For the product mixture studied, four major phenols were identified. Their structures were elucidated via CAD of their deprotonated forms and comparison to CAD of model compounds (Figure 5b ) [30] .
Conclusions
A tandem mass spectrometry method is presented for the selective detection of the phenol functionality in di-and polyfunctional analytes related to lignin. The method is based on gas-phase ion-molecule reactions of the deprotonated analytes with DEMB. All deprotonated phenol model compounds form stable DEMB adduct ions ([M -H + DEMB] ) except for the ones with a strong electron withdrawing substituent in the ortho-or para-position. Deprotonated phenols with an adjacent phenol or hydroxymethyl group and those with a conjugated carboxylic acid group can be identified based on the formation of DEMB adduct-MeOH, although this product ion is formed via different mechanisms for these two types of analytes. Deprotonated compounds with no phenol functionalities and phenols with an electron-withdrawing substituent in the ortho-or para-position were unreactive toward DEMB. By coupling the above technique with HPLC, an entire class of analytes can be identified in complex mixtures by using a single HPLC run. A catalytically converted Miscanthus biomass sample was analyzed to demonstrate the potential of tandem mass spectrometry based on ion-molecule reactions as a high-throughput screening tool for lignin degradation product mixtures.
